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[57] ABSTRACT

An adaptive recovery method for a setback thermostat using
the intersection of the space temperature with a sloped
recovery temperature line which approximates the change in
temperature as 4 function of time during recovery of the
temperature controlled space from a setback temperature, to
determine the time at which recovery to the occupancy
temperature should begin. The thermostat starts recovery
when the current space temperature crosses the recovery
temperature line. A useful feature of the apparatus and
method which implement the invention, computes and con-
stantly updates the slope of the temperature recovery line.
The update of the temperature recovery line slope is based
on miss time, i.e., the time between actually achieving the
desired next set point temperature and the next set point time
associated with the next set point temperature, the space
temperature, the outdoor air temperature, the temperature
recovery ramp rate during the previous recovery period, and
the current and past thermal time constants. If the heating or
cooling load on the space changes, the current space tem-
perature will cross the recovery temperature line at a dif-
ferent time, causing recovery to start at a time more com-
patible with the current heating or cooling load in order to
complete recovery at or near the desired time. Variables may
be added to the system.

11 Claims, 5 Drawing Sheets
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THERMOSTAT SYSTEM HAVING AN
OPTIMIZED TEMPERATURE RECOVERY
RAMP RATE

BACKGROUND OF THE INVENTION

One relatively simple procedure for saving on the costs of
heating or cooling a space is to change the set point
temperature for the thermostat in it when the space is not
occupied, or in the case of a home, at night when the
occupants are sleeping. However, since it is not physically
possible to warm up or cool down the controlled space
instantaneously to maintain comfort for the occupants, it 1S
necessary for the space temperature control unit (furnace or
air conditioner) to begin changing space temperature prior to
the time when occupancy is scheduled again to occur. One
hereafter refers to the time of day when temperature in a
space is to reach a higher energy use level (comfort level) as
an occupancy time and the temperature selected for that
interval of occupancy as the occupancy temperature. Note
that this definition also includes the higher temperature
which is typically selected during a heating phase of space

temperature control and which follows a nighttime setback

interval even though, in a strict sense, the space has never
been unoccupied. The time interval during which the space
temperature returns to the occupancy temperature from a
temperature which requires less energy to maintain 1s
referred to as the recovery interval, and the time of day at
which the recovery interval begins is the recovery start time.
The time at which the space temperature reaches the occu-
pancy temperature is the actual recovery time. Since there 1s
typically a temperature range centered on the occupancy
temperature, or any other set point temperature for that
matter, actual recovery time will be considered in the
following discussion to have been reached when the space
temperature first enters this temperature range.

The length of the recovery interval depends on the ther-
mal load to which the space is subjected for two different
and distinct reasons. If in heating mode, for example, lower
ambient temperature will require a longer recovery interval,
i.e., the space will take longer to warm-up to the occupancy
temperature, because the thermal load on the space 1s high.
If the ambient temperature is low and the setback period 1s
long, the space temperature will reach the setback tempera-
ture, further increasing the recovery time. On the other hand,
a higher ambient temperature may provide a sufficiently
reduced thermal load that the space does not reach its
setback temperature and hence the difference between the
space temperature at the time the recovery interval begins
and the occupancy temperature is small, and the space
temperature increases rapidly as well because there is a
smaller thermal load for the furnace to overcome. The
analysis is similar for air conditioning setback to a higher
temperature and then a subsequent recovery interval to the
lower occupancy temperature. The invention to be described
is equally applicable to heating and to cooling, but for
convenience, the description will mainly address a heating
situation and this should be assumed unless otherwise stated.

Typically, the programming of the setback and recovery
times and temperatures is done to a thermostat physically
located in the controlled space. The most modern of these
thermostats include a small microprocessor and a suitable
display and control panel allowing an internal clock to be set
and the desired time and temperature for each particular time
period to be entered by the manager of the space. The
thermostat to be described is controlied by the operation of
a microprocessor type of digital processor.

10

15

20

25

30

35

40

45

50

55

60

65

2

It is desirable to start each recovery interval at a time
which will place space temperature at the occupancy tem-
perature very close to the occupancy time. After all, what 1s
the purpose of accurately selecting setback and occupancy
times if the associated occupancy temperatures are not
achieved with reasonable accuracy? But this 18 not easy to do
accurately, because there are a number of independent
variables which are difficult to take into consideration when
designing an inexpensive thermostat. For example, the rate
at which individual heating units can heat a space is variable.
As mentioned, the outdoor air temperature, solar radiation,
internal loads, and wind can vary dramatically from one day
to the next, further increasing the uncertainty about the
thermal load on the space against which the heating umit
must work. It is possible to include sensors which can to
some extent measure these variations.

Accordingly, it would be advantageous to design a ther-
mostat having a recovery method which is relatively sensi-
tive to factors affecting recovery time and yet does not
require expensive sensors to measure these factors. One
approach used in the past was to record recent recovery
times, and base the current prediction for the recovery time
needed on recent recovery times. This approach reveals
measuring the time for the space temperature to traverse
some temperature range while the space temperature control
unit is operating to determine a rate of temperature change,
and then using this rate of change with an adjustment factor
to determine the proper recovery start time. Alternately,
another approach presents a process wherein the current
space temperature is periodically measured and when it
crosses a time-temperature line defined as the recovery ramp
rate, and represenied by a straight line, then recovery 1s
started. However, the major shortcomings of these
approaches are that they do not take into consideration the
variable rate at which a space can be heated or cooled.
Additionally, these approaches do not include means to
account for the outdoor air temperature, solar radiation,
internal loads, and wind, which as previously mentioned,
can vary dramatically from one day to the next. The lack of
an accounting for such parameters, which indeed affect the
recovery rate, further increases the uncertainty about the
thermal load of the space

SUMMARY OF THE INVENTION

In a first embodiment of the present invention, an outdoor
air temperature sensor is used in a thermostat to more
accurately determine the straight line temperature recovery
ramp rate at which a space returns to its occupancy temi-
perature (recovery rate or ramp rate hereafter) from its
current temperature (CT) and thus provides for an accurate
selection of the time at which recovery should start. In this
scheme, the CT is periodically measured and when the CT
crosses the time-temperature line defined by the ramp rate,
then recovery is started. This invention employs regular
calculations of the time required to recover to the next
occupancy temperature (OTE) from the current space tem-
perature as prescribed by the equations presented herein.
When the difference between the present time and the next
occupancy time becomes less than the time which the ramp
recovery approximation predicts will be needed to return to
the occupancy temperature at the desired occupancy time,
then recovery starts. In a second embodiment of the present
invention, the recovery rate is approximated by a straight
line which is then used to predict the time required to
recover to the next occupancy temperature.
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The use of a ramp-based determination of the proper
recovery start time takes into account the current tempera-
ture of the space, the current outdoor air temperature, the
recovery rate dunng the previous recovery period, and the
thermal time constants. For example, in some circum-
stances, the space may cool only a few degrees during a
setback interval. In this case, the ramp will be crossed by the
CT relatively late in the setback period, because the space
need only be warmed a few degrees. If the slope of the ramp
has been chosen with reasonable accuracy, only an increased
thermal load can make the predicted recovery time too short.
But fortunately, a too short recovery time is only briefly
inconvenient or uncomfortable rather than injurious.
Decreases 1n the assumed thermal load may result in a
predicted recovery time which is too long. This situation
simply reduces slightly the energy savings realized in con-
trolling setback of the space temperature. In an improvement
to this approach, the ramp rate or recovery rate is updated
based on the error in time at which recovery has been
completed in previous setback intervals.

For the present invention, the equations used for adap-
tively optimizing the recovery ramp rate, and hence the
recovery start time, as a function of the current space
temperature (CT), the current outdoor air temperature (OAT
or T,, at time t which is at the current moment), recovery
ramp rate from the previous recovery period (RR),, and the
thermal time constants, T, and 7t,, respectively, for the
previous and present recovery periods, are based on the
following considerations. What follows is a mathematical
derivation of optimizing the temperature recovery ramp rate
as a function of the measured ambient air temperature, the
sensed space temperature, and the ramp rate computed on

the previous day for the similar recovery period (AM or
PM).

An energy balance on a thermal system, for example, a
residential building, results in the following equation for the
time rate of change of the sensed space temperature

dT, (1)
mcp df - “UA[Ts — Tﬂﬂ]
Of,
me _ T.g - Tﬂﬂ (2)
UA — dTJdt

where,
mc,=Overall thermal capacity of the space,
T =Sensed space temperature at time t,
UA=Overall heat transfer coefficient of the system, and

T,,=Outdoor ambient air temperature at time t.
In Equation (2), the ratio of the overall thermal capacity of
the space, mc,, to the overall heat transfer coefficient of the
system, UA, 1s commonly known as the overall thermal time
constant of the system, T, which is expressed as

- mcp
T UA

Substituting Equation (3) into Equation (2), one gets

(3)

T

Ts - Tﬂa
AT /ds

Those skilled in the art will note that once a thermal
system has been defined, its thermal time constant, as
defined by Equation (3), will not vary significantly on a daily

(4

T.5'=
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heat transfer properties of any material could vary with its

4

temperature, the thermal system’s time constant during the
low cold temperatures of the winter months could conceiv-
ably be different than that during the higher warmer tem-
peratures of the summer months. Specifically, those skilled
in the art will note that the heat transfer coefficient, UA, will
be different during the winter months than during the sum-
mer months, and that it is also influenced by the wind speed,
wind direction, and many other factors.

In the more general case, Equation (4) can be utilized as
follows to determine t,,, the thermal time constant of the
system on day N

[Ts — Taa]ﬁ (5)

[dTJdtly

where [T.-T,. ]y 15 the average temperature difference
between the current sensed space temperature and the out-
door air temperature during a time period when the space
conditioning plant is “ON"; and (dT /dt),, is the time rate of
change of the sensed space temperature during this same
time period.

Equation (5) when used on any two days will provide the
overall thermal time constants T, , and 7, , for the first and
second day, respectively. For this, the more general discus-
sion, the “two days” do not have to be consecutive days. In
fact these could be any two days with day 2 occurring after
day 1. Thus, one has the equations

T.'i',.N"'_

[Ts o Tﬂall_
[dTd/dt)

(6)

Ts] =—

and

[Ts — Toa]Z
[dTs/dt]>

where, the subscripts 1 and 2 refer to day 1 and day 2,
respectively. |

Now, any difference in the time constants between these
two days can be expressed as a ratio of the two overall
thermal time constants

(7)

Ts2 =

(8)

Ts1

T2 ZE"
Combining Equations (6), (7), and (8), one gets

1 Ts—Taglt/ [dTydt),
- [T5 ~ Toal2/ [dT.v/dIJZ

(9)

&=

T 5_2

5] |

[di] )
The general Equation (10) provides a method to adaptively
optimize the temperature recovery ramp rate by accounting
for varying ambient air temperatures between two days and
by also taking into consideration any differences in the

overall thermal time constant of the system between those
same two days. The two days under consideration may or

or,

|dT) (10)

T dr]

_ [Ts - Tﬂﬂ]z [
y) B [Ts ™ Tau]I

‘may not be consecutive days. In the more special case, if it

1s assumed that the overall time constant of the system does
not{ vary between the two days under consideration, i.e.,
£=1.0, then Equation (10) can be written as

| & |

Note that Equation (8) also provides an ability to monitor the
integrity of the thermal system, in this case a residential
building, between two periods. Thus, Equation (8) can be
used for system (i.e., building) diagnostics purposes. Any
degradation in the thermal performance of the system will be

[dT5] (11)

[d!]

_ (T Tuabs [
2-- [Ts"Tna]l
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reflected in the value of € For example, if the thermal
resistance of a building has degraded due to moisture
condensation in the building’s insulation (for instance, a
wall, ceiling, etc.), then the value of € will change to reflect
this change in the building’s thermal integrity. Furthermore,
a dramatic change in ambient factors such as wind speed
and/or outdoor air temperature and/or solar energy incident
on the exterior and/or interior component(s) of the structure
will also effect the value of £ Many other examples and
applications such as this can be documented.

A setback thermostat which adjusts the start of recovery
by using an assumed or predicted rate of cooling or heating
during a recovery interval from an energy saving tempera-
ture, includes a temperature sensor providing a signal
indicative of the current space temperature CT, a tempera-
ture sensor providing a signal indicative of the current
outdoor air temperature (OAT) and a programmabie digital
processor including a plurality of internal operand memory
locations. At least one of these operand memory locations
contains an occupancy time value which 1s a time of day and
an associated occupancy temperature value and another
which contains a ramp rate value. The processor also
includes input channels receiving the temperature sensor
signals, and an output channel providing an operation signal
to start operation of a space temperature control unit (which
includes a heater or a cooler) responsive to a predetermined

internal condition of the processor. The processor periodi-
cally converts the temperature sensor signals to digital

current temperature values and stores the current tempera-
ture values in internal operand memory locations. The
processor further includes a clock maintaining in an internal
operand memory location a present time value specitying
the present time of day. The processor also includes an
instruction memory from which may be retrieved instruc-
tions for execution by the processor and in which 1s stored
a sequence of instructions whose execution commences with
a recovery instruction and which when executed commenc-
ing with the recovery instruction causes the processor to
comprise the following means which implement the inven-
tion within the thermostat.

Temperature difference means retrieve from their respec-

tive operand memory locations the space temperature and

the ambient air temperature, generate a temperature differ-
ence value equal to the difference between the space tem-
perature and the ambient air temperature, and store the
temperature difference value in an operand memory loca-
tion.

Means to estimate the time rate of change in space
temperature during a plant “ON” cycle retrieve from their
respective operand memory locations the space temperature
values at the beginning and at the end of the plant “ON”
period, compute the difference between these two tempera-
ture values, and then divide the temperature difference value
by the corresponding duration of the plant “ON" cycle to
yield the time rate of change in space temperature and store
the time rate of change in space temperature in an operand
memory location.

Thermal time constant determination means retrieve from
their respective operand- memory locations the difference
between the space temperature and the ambient air tempera-
ture and the time rate of change in space temperature, divide
the temperature difference value by the time rate of change
in space temperature to yield the thermal time constant and
store the thermal time constant in an operand memory
location.

Means to determine the recovery ramp rate for the current
recovery period retrieve from their respective operand
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memory iocations the temperature recovery ramp rate for the
previous similar (AM or PM) recovery period, the tempera-
ture difference between the space temperature and the ambi-
ent air temperature at the start of the current recovery period,
the temperature difterence between the space temperature
and the ambient air temperature at the start of the previous
similar (AM or PM) recovery period, the thermal time
constant for the current recovery period and the thermal time
constant for the previous similar (AM or PM) recovery
period, means to compute the ratio of temperature differ-
ences as the ratio of the temperature difference between the
space temperature and the ambient air temperature at the
start of the current recovery period to the temperature
difference between the space temperature and the ambient
air temperature at the start of the previous similar (AM or
PM) recovery period, means to compute the ratio of thermal
time constants as the ratio of the thermal time constant for
the previous similar (AM or PM) recovery period to the
thermal time constant for the current recovery period, and
means to compute the product of the temperature recovery
ramp rate for the previous similar (AM or PM) recovery
period and the ratio of temperature differences and the ratio
of thermal time constants, and store the product as the
recovery ramp rate for the current recovery period and store
the recovery ramp rate for the current recovery period in an

operand memory location.

Time difference means retrieve the next occupancy time
value and the present time value from their respective

operand memory locations, generate a time difference value
equal to the difference between the next occupancy time and
the present time and store the time difference value in an
operand memory location.

Ramp delta means retrieve from their respective operand
memory locations the time difference value and the ramp
rate value, generate a ramp delta value equal to the product
of the time difference value and the ramp rate value, and
store the ramp delta value in an operand memory location.

Lastly, ramp set point means retrieve the next occupancy
temperature value and the ramp delta value from their
respective operand memory locations, form a ramp set point
value equal to at least one of 1) the difference between the
next set point temperature value and ramp delta value and ii)
the sum of the next set point temperature value and ramp
delta value, and compare the ramp set point value with the
current temperature value. The predetermined 1nternal pro-
cessor condition comprises a predetermined magnitude rela-
tionship between the ramp set point value and the current
temperature value, and when the predetermined internal
processor condition exists, the processor i1ssues the recovery
signal. Which of the two ramp set point values are used
depends on whether a heating or cooling recovery is sched-
uled.

An important feature of the first embodiment of this
invention is a way to adaptively optimize the recovery ramp
rate value based on the difference between the space tem-
perature and the outdoor air temperature at the start of the
recovery period, the thermal time constant value at the start
of the recovery period, the thermal time constant value for
the previous similar (AM or PM) recovery period, and the
recovery ramp rate experienced during the previous similar
(AM or PM) recovery period.

An important feature of the second embodiment of this
invention is the determination of the experienced recovery
ramp rate as the ratio of the difference between the space
temperatures at the start and at the end of the recovery period
to the time duration of the recovery period, 1.e., the time rate
of change of the space temperature during the recovery
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period and storing the ramp rate value in the data cell storing
the ramp rate value.

An important feature of the third embodiment of this
invention is a way to update the ramp rate value depending
on the accuracy with which previous recoveries have
occurred. This correction is implemented within the ther-
mostat’s processor as miss time recording means receiving
the next set point time value and the present time value and
whenever the predetermined internal processor condition
first occurs, storing in an operand memory location the
difference between the occupancy time value and the present
time value as a miss time value; and ramp rate value update
means receiving the miss time value and the ramp rate value
from their respective operand memory locations, for com-
puting an updated ramp rate value equal to the ramp rate
value plus the product of the miss time value and a fractional
- value, and for storing the updated ramp rate value in the data
cell storing the ramp rate value. An important feature of this
invention is the process of adaptively modifying the recov-
ery ramp rate experienced during the previous similar (AM
or PM) recovery period so as to minimize the miss time.

This invention involves the operating of an electronic
processor of some kind. Typically, this processor may be a
programmable microprocessor with the method steps imple-
mented by the instructions of the program. But it 1s also
possible to have a dedicated integrated circuit in which the
processor comprises individual circuit elements which per-
form the steps of the invention. In such a processor-imple-
mented method for controlling setback temperature opera-
tion of a thermostat, the processor inciudes an operand
memory and an output channel providing an operation signal
for initiating operation of a space temperature control unit
such as an air conditioner or a furnace.

Such a method comprises the steps of: a) recording in the
operand memory each current value of the space tempera-
ture and current value of the outdoor air temperature; b)
recording in the operand memory, at least one occupancy
temperature and one occupancy time which follows a set-
back temperature interval; c¢) recording in the operand
memory the present time of day; d) recording in the operand
memory a ramp rate value; e) recording in the operand
memory each of the thermal time constant values for the
current recovery period, the previous similar (AM or PM)
recovery period, and during a plant “ON” period; f) recorg-
ing in the operand memory the differences between the space
temperature and the outdoor air temperature; g) recording in
operand memory the time rate of change of the space
temperature during a plant “ON” cycle; h) recording in
operand memory the time rate of change of the space
temperature during each recovery period for the day; 1)
calculating an updated recovery ramp rate value equal to the
product of the temperature recovery ramp rate for the
previous similar (AM or PM) recovery period and the ratio
of the temperature difference between the space temperature
and the ambient air temperature at the start of the current
recovery period to the temperature difference between the
space temperature and the ambient air temperature at the
start of the previous similar (AM or PM) recovery period
and the ratio of the thermal time constant for the previous
similar (AM or PM) recovery period to the thermal time
constant for the current recovery period, and storing the
product as the recovery ramp rate for the current recovery
period in an operand memory location; j) at the end of
intervals of predetermined length, calculating a time differ-
ence value equal to the difference between the occupancy
time and the present time and recording the time difference
value in the operand memory; k) after a time difference
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value has been recorded, calculating and recording in the
operand memory a ramp delta value equal to the product of
the latest time difference value recorded and the ramp rate
value; 1) calculating and recording in the operand memory a
ramp set point value equal to at least one of the differences
between the occupancy temperature value and the ramp
delta value and the sum of the occupancy temperature value
and the ramp delta value; and m) comparing the ramp set
point value with the current temperature value, and when a
selectable relationship between the ramp set point value and
the current temperature value exists, issuing the operation
signal.

It 1s also strongly preferred to update the ramp rate value
as explained in connection with the apparatus version of the
invention described briefly above.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a thermostat mounted in a
space for controlling the temperature of that space according
to the teachings of the invention.

FIGS. 2 and 3 are graphs revealing recovery ramp rates
for warmer and colder previous days, respectively, of the
related art and the present invention.

FIGS. 4A, 4B and 4C reveal a logic flow chart for an
instruction sequence of a first embodiment of this invention
which when executed in the appropriate microprocessor
within a thermostat will cause that microprocessor and
thermostat to constitute the mvention.

FIG. 4D is a logic flow chart for an instruction sequence
to be used in place of FIG. 4C and showing a second
embodiment of this invention.

DESCRIPTION OF THE EMBODIMENTS

In FIG. 1, an entire space temperature control system is
shown as including a controlled space 10 in which is
mounted a thermostat 12 shown in block diagram form.
Thermostat 12 controls the operation of a furnace 28 and an
air conditioner 29 which together comprise a space tem-
perature control unit 27 for providing heated or cooled air
through duct 30 to controlled space 10.

Operation of thermostat 12 is controlled by a micropro-
cessor 13 which includes an instruction processor 15 for
executing instructions stored permanently as a program in an
instruction memory 14 and provided as requested by pro-
cessor 15. The results of arithmetic and logical operations by
instruction processor 13 are stored in an operand memory 16
and then retrieved as later required by execution of the
instructions in the program. The various arithmetic registers
used by 1nstruction processor 15 are part of operand memory
16. A clock module 18 provides interrupts to the execution
of instructions by processor 15 at predetermined intervals,
for example, every second. Each interrupt causes execution
of instructions which increment the contents of a clock
location within operand memory 16. By properly setting a
value representative of the present time of day into the clock
location, a present time of day value will be continually
available within microprocessor 13. This can be done by the
user manipulating the keyboard properly. The present time is
constantly available to microprocessor 13 so as to determine
fimes at which recovery intervals should be started. Micro-
processor 13 further includes an input/output (I/O) unit 19
by which the microprocessor 13 can communicate with
external (to the microprocessor) data source and destination
elements through input and output channels of I/O unit 19.
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In thermostat 12, these external elements include an
outdoor air temperature sensor 17, a space temperature
sensor 23, a keyboard 22 and a display unit 21. Temperature
- sensors 17 and 23 provide on input channels, signals to 1/0O
unit 19 indicating the current temperature of the outside
ambient air and the current temperature of the air in the

controlled space, respectively. At regular intervals, instruc-

tion processor 15 executes instructions which store the
current temperature values from sensors 17 and 23 in

appropriate locations of operand memory 16, converting the
sensor signals from analog to digital data if necessary.

Keyboard 22 provides on an input channel, input data to
I/O unit 19 for selecting occupancy temperature set points
and times desired by the occupants, as well as for setting
necessary initial conditions of thermostat 12. Display unit 21
displays information received via an output channel about
the thermostat 12 operation. Such information includes the
present time of day, present day of week, current tempera-
ture, current heating or cooling phase, and information
entered via keyboard 22 for setting the setback and occu-
pancy times (OTI) and temperatures (OTE). In particular,
this invention involves microprocessor 13 in selecting the
proper recovery start ttme (RST) at which time is 1ssued an
operation signal on path 20 to begin recovery to an occu-
pancy temperature. This recovery start time will always fall
during a setback interval when the space temperature is
being held at a relatively low energy consumption level,
lower in the heating mode, and higher in the cooling mode.
By starting the retum to the occupancy temperature during
the setback interval, the space temperature will reach the
occupancy temperature nearer to the specified occupancy
time. This recovery start time i1s dependent on both occu-
pancy temperature and occupancy time (such as AM or PM).
Therefore, there is provision to allow loading desired occu-
pancy times and the associated occupancy temperature for
each from the keyboard 22 into locations within operand
emory 16. It may be assumed that there 1s at least one OTI
and its associated OTE within operand memory 16.

Operand memory 16 also has in one location a ramp rate
(RR) value which is initially preset to a default value. In the

first embodiment, this default value is 7.5° F/hr. The ramp
rate value is the current estimated average rate at which unit
27 can return the space temperature to the OTE value. One
says “‘estimated”’, because the actual ramp rate varies with
time and conditions in a very non-linear and unpredictable
manner. A feature of this invention is the ability to change
the ramp rate based on previous performance of the method
~ in selecting RST, and to thereby both improve the future
accuracy in selecting RST and change the method as the
seasons change. Another feature of this invention is the
ability to adaptively optimize the recovery ramp rate in
response to changing conditions such as outside air tem-
perature, solar and/or internal load, wind speed and direc-
tion, etc., which affect the thermal load and the thermal time
constant of the space and the system.

An operation signal is provided from I/O unit 19 by an
output channel to path 20 and, when present, signifies to
control unit 27 that activity by either furnace 28 or air
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active is selected by a two gang double throw mode switch
25 shown in FIG. 1, which is in the heating position. When
switch 25 is thrown to the alternate position, path 20 is
connected to the path carrying the operation signal to air
conditioning unit 29. The second gang of switch 25 provides
a mode signal to I/O unit 19 on path 24 by which the desired
mode of operation of thermostat 12 can be communicated to
microprocessor 13. In the simplified design shown in FIG. 1,
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path 24 i1s grounded when in the heating mode, and open
when in cooling mode.

Execution of the program in instruction memory 14 by
instruction processor 15 controls the entire operation of
thermostat 12. It should be understood that the program
contained in memory 14 has a physical form in that when it
is recorded, it forms actual physical features within memory
14 which can be detected and distinguished as encoding the
particular digital format of the program. As the program
instructions are executed, microprocessor 13 is in effect
caused to sequentially become a number of diflerent means,
each of these means existing during the time that the related

instructions are being executed. Certain of these means are
the elements of the invention. Further, the invention can also
be defined in terms of process steps which have the ultimate
aim of controlling operation of control unit 27 in a more
advantageous way. From this standpoint, each of these
process steps are intended to affect the physical structure of
microprocessor 13 or other device in which these steps are
implemented. It is of course well known to those familiar
with microprocessor technology that each of the method
steps by which a process such as this invention may be
alternatively defined, cause detectable physical changes
within operand memory 16.

The program permanently stored within 1nstruction
memory 14 can be represented as a flow chart, and FIGS.
4A, 4B, and 4C are the portion of that flow chart pertaining
to the first embodiment of the invention, and FIGS. 4A, 4B,
and 4D constitute the portion of the flow chart pertaining to
the second embodiment of the invention. It is assumed that
the flow chart has an executive portion by which various
functions of microprocessor 13 are scheduled. The instruc-
tions which implement the invention are executed by pro-
cessor 15 at regularly scheduled predetermined test inter-
vals, 10 minutes to be exact, in the embodiments of this
invention. For convenience, a legend is listed below for the
Figures, which identifies the various abbreviations of the
arithmetic values employed in implementing the invention
to achieve accurate RSTs. The portion of the flow chart
shown in FIGS. 4A, 4B, 4C, and 4D has a single step from
that executive routine shown as decision element 31. The
terms of the legend are wherein OTI is occupancy time, OTE
is occupancy temperature, PT is present time of day, ART 1s
actual recovery time, CT is current temperature, TD 1s time
difference, RD is ramp delta, RSP is ramp set point, RR, is
old ramp rate, RR,, ; is new ramp rate, m,n are positive
integers, To is control band offset, RST is recovery start
time, T, , is sensed space temperature at event one, T, , 18
sensed space temperature at event two, T, is outdoor air
temperature, (RR), is optimized (revised/updated) recovery
ramp rate for the present AM or PM recovery period, and
(RR); is actual or estimated recovery ramp rate from the
previous AM or PM recovery period corresponding to the
present AM or PM recovery period (i.e., corresponding to
(RR),).

There is one more concept which should be briefly
discussed before explaining the operation of FIGS. 4A, 4B,
4C, and 4D. One can consider the time between a setback
time and the specified OTI as having two distinct periods.
There is the initial low energy period when CT 1s controlled
to the temperature requiring less energy. This is followed by
the recovery period where control unit 27 brings the con-
trolled space back to the OTI. In the method explained in
connection with the flow chart of FIGS. 4A and 4B, there is
a recovery flag set by instructions in the program at the start
of the recovery period and cleared when recovery has been
completed. It is assumed that the recovery flag has been
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initialized to its cleared condition at the start of each setback
period. In the method explained in connection with the flow
chart of FIG. 4A, there is a check flag set by instructions in
the program at the start of a plant “ON” cycle and cleared
- when the plant 1s turned “OFF”. It is assumed that the check
flag has been initialized to its cleared condition at the start
of each plant “ON” period.

FIG. 2 shows space temperature versus time of thermostat
12 of the present invention in a heating mode, wherein the
present day 1s colder than a previous day. Temperature level
88 is the setback setpoint temperature. Line 83 is the fall of
temperature with respect to time. Line 85 is (dT /dt), from
equation (10). Time 91 is the step of change in control
setpoint temperature from the setback value to the comfort
value. Dark line 92 is the space temperature if one is using
a related art approach where the setpoint temperature is
maintained longer than it should be on a pending colder day.
Line 87 1s the expected space temperature recovery rate as
in the related art. Line 90 is the programmed changeover or
occupancy time. Line 89 is the comfort setpoint or occu-
pancy temperature. Line 86 is the ramp rate (dT/dt), as in
the related art, based on a previous recovery if there is no
adaptation according to the present invention. Time duration
93 1s late recovery if using related art when the previous day
was warmer than the present day. Time duration 94 shows an
~ earlier time by which recovery is initiated earlier to achieve
the comfort set point temperature by time 90 as the change
of a colder day is anticipated by the present invention per
equation (10).

FIG. 3 shows space temperature versus time of thermostat
12 of the present invention in a heating mode wherein the
present day 1s warmer than a previous day. Temperature
level 88 is the setback setpoint temperature and line 89
indicates the comfort setpoint or occupancy temperature.
Line 83 shows the fall of the space temperature when the
plant or furnace is off. Line 935 is the ramp rate (dT /dt), as
in the related art, based on a previous recovery if there is no
- optimization in accordance with the present invention, Line
90 is the programmed changeover or occupancy time when
the comfort temperature level is to be attained. Line 96 is the
ramp rate (dT /dt), from equation (10) of the present inven-
tion taking into consideration that the present day is warmer
than a previous day. Line 97 is the expected space tempera-
ture recovery rate as in the related art. Time period 98 is the
duration of the early recovery if using the related art
approach when the previous day was colder than the present
day. Time period 99 is the duration by which recovery is
delayed by using the present invention in view of equation
(10) wherein the present day is warmer than the previous
day.

In FIG. 4A, decision block 31 compares the current plant
status to the status of the plant during the most previous pass
through. If the plant status has changed, then decision block
32 is executed to check whether the plant status has changed
from “OFF”’ during the previous pass to “ON”. If the plant
has just been turned “ON”, then the difference between the

current space temperature and the outdoor air temperature is
calculated 1n arithmetic element 33 and stored in operand

memory 16. Next, element 34 stores in operand memory 16

locations both the current space temperature and the present
time of day. The check fiag is set by element 35 and program
flow control is returned to the executive. If decision block 31
indicates that the plant status has not changed (that is, the
new plant status 18 the same as the old plant status) since the
previous pass, then the status of the check flag is checked by
decision block 36. If the check flag is set, then program flow
control 1s returned to the executive. If the check flag is not
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set, then program flow control is diverted to decision block
40. If the answer from decision block 32 is no, then element
37 stores in operand memory 16 locations both the current
space temperature and the present time of day. Anthmetic
element 38 calculates and stores in operand memory 16 the
time rate of change of the space temperature during the most
recently completed plant “ON” cycle, and also calculates
and stores in operand memory 16 the system’s thermal time
constant during this same “ON” cycle. The time rate of

change of the space temperature is represented by a slope of
a straight line plot of temperature versus time. Mathemati-
cally, this is the ratio of the difference in space temperature
at the start and at the end of the most recent plant “ON”
period to the time duration of this “ON” period. The
applicable equation 1s shown in block 38 of FIG. 4A.
Element 38 also calculates the thermal time constant of the
system as the ratio of the temperature difference from block
33 to the just computed value of the time rate of change of
the space temperature. The check flag is then cleared in
clement 39.

If the current test interval, as set by the executive, has not
elapsed, then control is returned to the executive from block
40 as shown by the flow path labeled NO. When the test
interval is over, then execution of the instructions compris-
ing decision element 40 cause instruction execution to
follow the path labeled YES to a second decision element 42
whose instructions test the condition of the recovery flag. If
the recovery flag is set, instruction execution follows along
the branch labeled SET and starts with the instruction
sequence at the B connector either in FIG. 4C of the first
embodiment or in FIG. 4D of the second embodiment. If the
recovery flag 1s not set, execution continues along the NOT
SET branch to arithmetic element 44, which begins the
method to determine the RST. The instructions of element
44 first calculate and store in operand memory 16 the
difference between the current space temperature (CT) and
the ambient air temperature (T, ). Element 44 then calcu-
lates and stores in operand memory 16 the recovery ramp
rate that should be used for the upcoming recovery period,
(RR),. The applicable equation is shown in block 44 of FIG.
4A. The time difference TD=0OTI-PT, where PT is the
present time and OTI is occupancy time, is also calculated
and stored in an operand memory 16 location. Element 44
instructions then calculate a ramp delta value RD=TDx
(RR), and stores RD in an operand memory 16 location. The
instructions represented by decision element 46 test the
mode signal on path 24 of FIG. 1 to determine whether
thermostat operation is in heating or cooling mode. If in
cooling mode, instruction execution follows the path of
connector A to FIG. 4B. If in heating mode, then the
instructions of arithmetic element 50 are executed to deter-
mine a ramp Set point value RSP=OTE-RD.

The 1instructions of decision element 52 are then executed
to make the comparison: current Space temperature
CT<RSP. If true, then the instructions of element 54 are
executed to cause an operation signal to be placed on path
20. With mode switch 25 connecting path 20 to furnace 28,
the operation signal causes furnace 28 to operate and begin
warming controlled space 10. The instructions of element 55
then calculate and store in operand memory 16 the difference
between the current space temperature and the outdoor air
temperature. Both the current space temperature and the
present time of day (i.e., the recovery start time) are stored
in operand memory 16 by the instructions of element 56. The
instructions of element 57 then follow to set the recovery
flag. The program logic flow is then returned to the execu-
tive.
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‘The portion of the program instructions executed when
thermostat 12 is in cooling mode to start recovery is repre-
sented by the flow chart elements of FIG. 4B which start
with connector A. When the decision element 46 test detects
cooling mode, then the instructions of element 60 are next
executed to perform a calculation similar to that of element

50, but in the case of element 60, RSP=0OTE+RD. Decision

element 62 returns execution to the executive if CT>RSP is
not true, and to the instruction of element 64 if true. The
operation signal generated by the instructions of element 64
18 carried through switch 23 to the air conditioner unit 29,
which begins to cool controlled space 10. The arithmetic
element 65 calculates the difference between the current
space temperature and the outdoor air temperature, and
stores it in operand memory 16. Both the current space
temperature and the present time of day (i.e., the recovery
start time) are stored in operand memory 16 by the instruc-
tions of block 66. The instructions of element 67 set the
recovery flag, and execution then returns to the executive

routine. This completes the instruction execution activities
related to starting recovery.

An important feature of this invention is the ability to

update the ramp rate (RR) to correct for inaccurate selection

of the RST and to account for any changes in the recovery
ramp rate due to changes in the outdoor air temperature,
internal and/or solar loads, wind speed and direction, and so
forth. After the recovery flag has been set by the instructions
of either element 57 or 67 and thus during recovery, the
instructions of decision element 42 will transfer execution to
the instructions starting at decision element 70. First the
operating mode 1s tested and execution branches to either the
instructions of decision element 72 (cooling condition) or

element 78 (heat). It can be noted that as CT drops during a
return to a lower OTE from a higher setback temperature

during cooling, or as CT rises during a return to a higher
OTE from a lower setback temperature during heating, the
CT value will eventually reach a temperature near the OTE
value at which recovery is deemed complete. In the heating
situation, this value i1s OTE-T ,, where T, is a control band
(which could resemble a kind of hysteresis) offset from the
OTE. At this point, temperature control is returned to the
temperature control method and continues in the customary
fashion. Similarly, in the cooling situation, this value is
OTE+To. In the first embodiment, T =1.5° F. When the tests
of elements 72 and 78 show that CT has reached the offset
range (which happens a single time for each recovery
interval), the ramp rate is corrected either by executing the
instructions of either element 74 or 80 of FIG. 4C in the case
of the first embodiment of this invention, or by executing the
instructions of either elements 75 or 81 of FIG. 4D in the
case of the second embodiment of this invention.

In the first embodiment of this invention, element 80
(FIG. 4C) represents instructions which calculate an updated
ramp rate, (RR),, in the heating situation, and then replace
the value in the location in operand memory 16 in which
(RR), is stored with the new ramp rate value. Also, in the
first embodiment of this invention, element 74 (FIG. 4C)
represents instructions which calculate an updated ramp
rate, (RR),, in the cooling situation, and then replace the
value in the location in operand memory 16 in which (RR),
1s stored with the new ramp rate value. Note that the
instructions for both elements 74 and 80 in FIG. 4C are
identical. Since the instructions of elements 74 and 80 are
executed relatively quickly after the conditions of elements
72 and 78, respectively, are satisfied, the factor OTI-PT 1s
the miss time, a value which is very close to the error in the
most recent RST.
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In the second embodiment of this inventions, element 81
(in FIG. 4D) represents instructions which calculate an
updated ramp rate RR, ;=RR+(OTI-PT)/2™ in the heating
sitnation, and then replace the value in the location in
operand memory 16 in which RR, is stored with the new
ramp rate RR ., ;. RR,; 1s the ramp rate value used during the
previous determination of the RST. Since the instructions of
element 81 are executed relatively quickly after the condi-
tion of element 78 is satisfied, the factor OTI-PT is the miss
time, a value which 1s very close to the error in the most
recent RS'T, and may be either positive or negative. The
expression 2™ is intended to imply that the miss time is
multiplied by the inverse of two raised to a positive integer
power. In the first embodiment, m=5, and 2°<32 for the
specific situation where temperature is measured in degrees
E and time is measured for purposes of this method, in 10
minute increments. The value of the multiplier for the miss
time 1s dependent on choice of these units, and should be
chosen in the heating situation, regardless of the units
involved, to correct the ramp rate sufficiently to make the
miss time about 10% to 40% smaller if conditions do not
change for the same recovery in the next day. An attempt to
correct the ramp rate using a too large miss time multiplier
can resuit in the method becoming unstable in selecting the
RST. One can assume that a multiplier value in the approxi-
mate range of 1/15 to 1/60 is suitable for these units, so that
m between 4 and 6 inclusive is preferred. For a ramp rate
with units of degrees F./minute and one minute test intervals,
the closest power of two corresponding to m=>51s m=12, and
it 1s likely that m=11 and m=13 arc also suitable. In the
situation where ramp rate has units of degrees F./hour, m=0,
1.e., 27=1.

For the case of the second embodiment of this invention,
choice of the miss time multiplier as a power of two is

convenient for low end microprocessors used in thermostats
because most of them do not have an arithmetic divide
instruction, making the ease of dividing or multiplying by a
power of two with a simple binary register shift attractive.
It is possible that improvements in the power of low end
microprocessors will provide bona fide divide instructions in
them before too long, and it should be understood that the
use of an integer power of two as the multiplier of the miss
time in updating the ramp rate i1s strictly a matter of
convenience for the second embodiment.

In the cooling case for element 75 (FIG. 4D) for the
second embodiment of this invention, a calculation similar
to that of element 81 is performed by which the ramp rate
(RR); 1s updated. However, it has been the applicant’s
experience that generally the muiltiplier of the miss time
should be smaller in the cooling mode, so that n between 6
and 8 inclusive 1s the suitable range, with n=7 and 1/2"=1/
128 as the value that 1s currently preferred. A smaller
ultiplier 1s preferred here because of the much smaller
slope of the recovery rate when in cooling mode.

After the ramp rate has been updated, the actual thermal
ttme constant T, during the “about to be completed recovery
period” 1s calculated in element 82 as the ratio of the
difference between the space temperature at the start of the
recovery and the ambient air temperature also at the start of
the recovery (either element 8§ of FIG. 4A for the heating
mode or element 65 of FIG. 4B for the cooling mode) to the
ramp rate (RR), for the about to be completed recovery
period (from either element 74 of FIG. 4C (for cooling) or
element 80 of F1G. 4C (for heating) for the first embodiment
of this invention, or element 75 of FIG. 4D (for cooling) or
element 81 of FIG. 4D (for heating) for the second embodi-
ment of the present invention). The actual thermal time
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constant (T,) is also stored in operand memory 16 by the
instructions of element 82. Now the recovery procedure is
complete, and the recovery flag is cleared by the instructions
of element 84. Execution of the instructions of element 84
concludes the performance of the invention’s method. and
instruction execution returns to the instructions comprising
the executive portion of the program.

I claim:;

1. A thermostat system in a space having a current space
temperature that changes to an occupancy temperature 1S
achieved at an occupancy time, the changing of the current
space temperature caused by a heater or cooler, having a
recovery start time that occurs at a recovery time prior to the
occupancy time, the recovery time being a period of time
needed for the current space temperature to be changed to
the occupancy temperature, the recovery time determined by
an optimized recovery ramp rate of a certain amount of

space temperature change per unit time, comprising:

a first temperature sensor for sensing the current space
temperature;

a second temperature sensor for sensing current outdoor

ambient temperature of air external but proximate to
the space;

a processor, connected to said first and second tempera-
ture sensors, having a memory, Instruction processor
and a clock;

a space temperature changing unit having a heater and a
cooler; and

a heat and cool mode selector connected to said processor
and said space temperature changing unit; and

wherein:

the recovery start time 1s at the beginning of a period of
recovery time prior to the occupancy time when the
current space temperature 1S to be approximately the
same as the occupancy temperature, the recovery time
being determined by a recovery ramp rate of a certain
amount of temperature change per unit time; and

the recovery ramp rate i1s based on (1) a difference
between the current space temperature and the current
outdoor ambient temperature at the recovery start time,
(2) a thermal time constant based on a ratio of an
average temperature difference between the current
space temperature and the current outdoor ambient
temperature during the recovery time when the space
temperature 1s being changed to be approximately the
same as the occupancy temperature, and of a time rate
of change of the current space temperature during the
recovery time, (3) a thermal time constant for a previ-
ous period of a recovery time having a similar time of
day, and (4) a recovery ramp rate for the previous
period of the recovery having the similar time of day.
2. The thermostat system of claim 1 wherein said proces-
SOr can: :

receive and store current space and outdoor ambient
temperatures from said first and second temperature
sensors, respectively;

send signals to said space temperature changing unit to
ciiect or not to effect a change of current space tems-
perature during a recovery time;

calculate and store recovery ramp rates and thermal time
constants;

determine and initiate a recovery start time;
calculate and implement a recovery ramp rate; and

determine a recovery start time such that the end of a
recovery time closely coincides with the occupancy
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time when the current space temperature becomes
approximately the same as the occupancy temperature.
3. A method for optimizing a temperature recovery ramp
rate of a thermostat having current space temperature and
outdoor temperature sensors, a processor, connected to the
temperature sensors, for calculating and comparing infor-
mation, for recording and accessing information to and from
an operand memory connected to the processor, for noting
time from a clock connected to the processor, and for issuing
operation signals, in a space having a space temperature to
be controlled relative to a set occupancy temperature and
occupancy time, comprising:
recording by the processor in the operand memory, space
temperatures and outdoor temperatures;

setting and recording in the operand memory, at least one
occupancy temperature and one occupancy time which
follows a setback temperature interval;

recording in the operand memory a present time of day;

calculating and recording in the operand memory a ramp
rate;

calculating and recording in the operand memory thermal
time constants of a current recovery period, and a
previous similar (AM or PM) recovery period, during
a plant “on” period wherein a plant 1s changing space
temperature to approach occupancy temperature;

calculating and recording in the operand memory differ-
ences between space temperatures and corresponding
outdoor air temperatures;

calculating and recording in the operand memory a time
rate of change of the space temperature during the plant
“on” period;

calculating and recording in the operand memory a time
rate of change of the space temperature during each
recovery period for the day;

calculating an updated recovery ramp rate equal to a
product of the temperature recovery ramp rate for the
previous similar (AM or PM) recovery period and a
ratio of the temperature difference between the space
temperature and the outdoor air temperature at the start
of the current recovery period to a temperature differ-
ence between the space temperature and the ambient air
temperature at the start of the previous similar (AM or
PM) recovery period and the ratio of the thermal time
constant for the previous similar (AM or PM) recovery
period to the thermal time constant for the current
recovery period, and storing the product as the recovery
ramp rate for the current recovery period in a location
of the operand memory;

at the end of intervals of predetermined length, calculat-
ing a time difference equal to the difterence between the
occupancy time and the present time and recording the
time difference in the operand memory;

after a time difference has been recorded, calculating and
recording in the operand memory a ramp delta equal to
a product of the latest time difference recorded and the
ramp rate;

calculating and recording in the operand memory a ramp
set point equal to at least one of the differences between
the occupancy temperature and the ramp delta and the
sum of the occupancy temperature and the ramp delta;
and

comparing the ramp set point with the space temperature,

‘and when a selectable relationship between the ramp

set point and the space temperature exists, 1ssuing an
operation signal to turn the plant “on™ or “off.”
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4. A system for optimizing a ramp rate after a setback 1n
a space temperature and time, and the setting of an occu-
pancy temperature and time, having a recovery period
wherein the space temperature 1s changed by a plant that
heats or cools, to the occupancy temperature at the occu-
pancy time, the plant being controlled by a thermostat
having space and outdoor temperature sensors, having heat-
ing and cooling modes, having a processor for executing
instructions stored as a program and having an executive for
scheduling the instructions, and having a program flow
control, having a memory for storing the program and
calculation results, having a clock for providing present time
of day, the program having a recovery flag set at the start of
a temperature recovery period and cleared when recovery
period has been completed and/or at the start of each setback
period, and the program having a check flag that 1s set when
the plant is tumed on and cleared when plant is turned off,
comprising:

a first decision element that functions 1if 1t receives a go
signal from the executive, and determines whether a
current on/off status of the plant is the same as a past
on/off status of the plant during a previous pass through
and said first decision element outputs either a yes or a
no;

a second decision element that functions if it receives a no
from said first decision element, and determines
whether the status of the plant has changed from an off
during the previous pass through to an on, and if so,
said second decision element outputs a yes and if not,
a no;

a first calculation element that functions if it receives a yes
from said second decision element, and calculates a
difference between a current space temperature and an
outdoor temperature and stores the difference in the
memory, stores the current space temperature and
present time of day in the memory, sets the check flag
and returns the program flow to the executive;

a third decision element that functions if it receives a yes
from said first decision element, and checks a status of
the check flag, if the check flag is set then the program
flow is returned to the executive, and if the check ilag
is not set, then said third decision element outputs a not
set;

a second calculation element that functions if 1t receives
a no from said second decision element, and stores the
current space temperature and present time of day in
the memory, calculates a time rate of change of the
space temperature after a most recently completed plant
on cycle, calculates a thermal time constant of the most
recently completed plant on cycle, stores the time rate
of change and the thermal time constant in the memory,
and then clears the check flag and outputs a clear check
flag; '

a fourth decision element that functions if it receives a not
set from said third decision element or a clear check
flag from said second calculation element, and returns
the program flow to the executive if a test interval has
not ended and outputs a yes if the test interval has
ended: _

a fifth decision element that functions if it receives a yes
from said fourth decision element, and tests a condition
of the recovery flag, outputs a set if the recovery flag is
set and outputs a not set if the recovery flag 1s not set;

a third calculation element that functions if it receives a
not set from said fifth decision element, and calculates
and stores in the memory a difference between the

10

15

20

25

30

35

40

45

50

55

60

65

18

current space temperature and the outdoor temperature,
calculates and stores in the memory a recovery ramp
rate to be used in a next recovery period, calculates and
stores in the memory a time difference ot the occupancy
time and present time of day, calculates and stores in
the memory a ramp delta, and outputs a calculation
completed signal;

a sixth decision element that functions if it receives a
calculation completed signal from said third calculation
element, and outputs a cool signal if the thermostat 1s
in a cooling mode and outputs a heat signal 1f the
thermostat 1s in a heating mode;

a fourth calculation element that functions if it receives a
heat signal from said sixth decision element, and cal-
culates a ramp set point which is the occupancy tem-
perature minus the ramp delta, and then outputs a
calculation completed signal;

a seventh decision element that functions if 1t receives a
calculation completed signal from said fourth calcula-
tion element, and determines whether the current space
temperature is less than the ramp set point, and if not,
it outputs a no and returns the program fiow to the
executive, and if so it outputs a yes and signals the plant
to turn on; and |

a fifth calculation element that functions if the plan is
signaled to turn on by said seventh decision element,
and calculates and stores in the memory a difierence
between the current space temperature and the outdoor
temperature, stores in the memory the current space
temperature and present time of day, sets the recovery
flag and returns the program control to the executive.

5. The system of claim 4 further comprising:

a sixth calculation element that functions if it receives a
cool signal from said sixth decision element, and cal-
culates a ramp set point which is a sum of the occu-
pancy temperature and the ramp delta, and then outputs
a calculation completed signal;

an eighth decision element that functions if it receives a
calculation completed signal from said sixth calcula-
tion element, and determines whether the current space
temperature is greater than the ramp set point, and if
not, it outputs a no and returns the program flow to the
executive, and if so it outputs a yes and signals the plant

to turn on; and

a seventh calculation element that functions if the plant 1s
signaled to turn on by said eighth decision element and
calculates and stores in the memory a difference

~ between the current space temperature and the outdoor
temperature, and stores in the memory the current space
temperature and present time of day, and sets the
recovery flag and returns the program control to the
executive.

6. The system of claim 5 further comprising:

an ninth decision element that functions if it receives a set
from said fifth decision element, and outputs a cool
signal if the thermostat is in a cooling mode and outputs
a heat signal if the thermostat is in a heating mode;

a tenth decision element that functions if it receives a heat
signal from said ninth decision element, and 1if the
current space temperature is not greater than the occu-
pancy temperature minus a control band offset then the
program control is returned to the executive, and if the
current space temperature exceeds the occupancy tem-
perature minus the control band offset then a yes it
outputted;

an eighth calculation element that functions if a yes 18
received from said tenth decision element, and calcu-
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lates and stores in the memory an updated ramp rate
and outputs a calculation completed signal;

an eleventh decision element that functions if it receives
a cool signal from said ninth decision element, and if
the current space temperature is not less than the

occupancy temperature plus a control band offset then
the program control 1s returned to the executive, and if
the current space temperature is less than the occu-
pancy temperature plus the control band offset then a
yes 1s outputted;

a ninth calculation element that functions if it receives a
yes from said eleventh decision element, and calculates
and stores in the memory an updated ramp rate, and
outputs a calculation completed signal; and

a tenth calculation element that functions if it receives a
calculation completed signal from said eighth or ninth
calculation element, and calculates and stores in the
memory a thermal time constant that is a ratio of the
difference of the space and outdoor temperatures at a
start of recovery period to the ramp rate for the about
to be completed recovery period, clears the recovery
flag when the recovery period is completed, and then
returns the program control to the executive.

7. The system of claim 6 wherein the updated ramp rate
of said eighth and ninth calculation elements is a difference
of the space temperature at the start of the recovery period
and the current space temperature, divided by a difference of
the ramp set point and present time of day.

8. The system of claim 6 wherein the updated ramp rate
1s equal to a former ramp rate plus a difference which is
divided by 2 to an nth power, wherein the difference is the
occupancy time minus present time of day and n is an integer
from O to 20.

9. A thermostat system in a space having a current space
temperature that changes to an occupancy temperature is
achieved at an occupancy time, the changing of the current
space temperature caused by a heater or cooler, having a
recovery start time that occurs at a recovery time prior to the
occupancy time, the recovery time being a period of time
needed for the current space temperature to be changed to
the occupancy temperature, the recovery time determined by
an optimized recovery ramp rate of a certain amount of
space temperature change per unit time, comprising:

a first temperature sensor for sensing the current space
temperature;

a second temperature sensor for sensing current outdoor
ambient temperature of air external but proximate to
the space;

a processor, connected to said first and second tempera-

ture sensors, having a memory, instruction processor
and a clock;

a space temperature changing unit having a heater and a
cooler; and

a heat and cool mode selector connected to said processor
and said space temperature changing unit; and

wherein:

the recovery start time 1is at the beginning of a period of
recovery time prior to the occupancy time when the
current space temperature is to be approximately the
same as the occupancy temperature, the recovery time
being determined by a recovery ramp rate of a certain
amount of temperature change per unit time; and

the recovery ramp rate is based on (1) a difference
between the current space temperature and the current
outdoor ambient temperature at the recovery start time,
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(2) a thermal time constant for the recovery time based
on a ratio of a temperature difference between the space
temperature and the outdoor ambient temperature dur-
ing a most recent plant “on” cycle to a time rate of
change of the current space temperature during the
most recent plant “on” cycle, (3) a thermal time con-
stant for a previous penod of a recovery time having a
similar time of day, and (4) a recovery ramp rate for the
previous period of the recovery having the similar time
of day. |
10. A method for optimizing a temperature recovery ramp
rate of a thermostat having current space temperature and
outdoor temperature sensors, a processor, connected to the
temperature sensors, for calculating and comparing infor-
mation, for recording and accessing information to and from
an operand memory connected to the processor, for noting
time from a clock connected to the processor, and for issuing
operation signals, in a space having a space temperature to
be controlled relative to a set occupancy temperature and
occupancy time, comprising:
recording by the processor in the operand memory, space
temperatures and outdoor temperatures;

setting and recording in the operand memory, at least one
occupancy temperature and one occupancy time which
follows a setback temperature interval;

recording in the operand memory a present time of day;

calculating and recording in the operand memory a ramp
rate;

calculating and recording in the operand memory thermal
time constant of a current recovery period, and a
thermal time constant for a previous similar (AM or
PM) recovery period, during a plant “on” period
wherein a plant is changing space temperature to
approach occupancy temperature;

calculating and recording in the operand memory differ-
ences between space temperatures and corresponding
outdoor air temperatures;

calculating and recording in the operand memory a time
rate of change of the space temperature during the plant
“on” period;

calculating and recording in the operand memory a time

rate of change of the space temperature during each
recovery period for the day; and

calculating an updated recovery ramp rate equal to a
product of the temperature recovery ramp rate deter-
mined at the end of the previous similar (AM or PM)
recovery period and a ratio of the temperature differ-
ence between the space temperature and the outdoor air
temperature -at the start of the current recovery period
to a temperature difference between the space tempera-
ture and the ambient air temperature at the start of the
previous similar (AM or PM) recovery period and the
ratio of the thermal time constant for the previous
similar (AM or PM) recovery period to the thermal
time constant for the current recovery period, and
storing the product as the recovery ramp rate for the
current recovery period in a location of the operand
memory.

11. The method of claim 10 further comprising:

at the end of intervals of predetermined length, calculat-
ing a time difference equal to the difference between the
occupancy time and the present time and recording the
time difference in the operand memory;

after a time difference has been recorded, calculating and
recording in the operand memory a ramp delta equal to
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a product of the latest time difference recorded and the comparing the ramp set point with the space temperature,
ramp rate; -

calculating and recording in the operand memory a ramp
set point equal to at least one of the differences between o o
the occupancy temperature and the ramp delta and the 3 operation signal to turn the plant “on™ or “off.

sum of the occupancy temperature and the ramp delta;
and A

and when a selectable relationship between the ramp

set point and the space temperature exists, issuing an
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